Most adsorption experiments are performed under conditions that did not exist on Earth before the life arose on it. Because adsorption is the first step for all other processes (protection against degradation and polymerization), it is important that it is performed under conditions that existed on prebiotic Earth. In this paper, we use an artificial seawater (seawater 4.0 Ga), which contains major cations and anions that could present on the oceans of the prebiotic Earth. In addition, zeolites, with substituted Fe in the framework, and adenine were probably common substances on the prebiotic Earth. Thus, study the interaction between them is an important issue in prebiotic chemistry. There are two main findings described in this paper. Firstly, zeolites with different Si/Fe ratios adsorbed adenine differently. Secondly, XAFS showed that, after treatments with seawater 4.0 Ga and adenine, an increase in the complexity of the system occurred. In general, salts of seawater 4.0 Ga did not affect the adsorption of adenine onto zeolites and adenine adsorbed less onto zeolites with iron isomorphically substituted. The C=C and NH 2 groups of adenine interacted with the zeolites. Gypsum, formed from aqueous species dissolved in seawater 4.0 Ga, precipitated onto zeolites. EPR spectra of zeolites showed lines caused by Fe framework and Fe 3+ species. TG curves of zeolites showed events caused by loss of water weakly bound to zeolite (in the 30 -140 °C range), water bounded to iron species or cations from seawater 4.0 Ga or located in the cavities of zeolites (157 -268 °C) and degradation of adenine adsorbed onto zeolites (360 -600 °C). Mass loss follows almost the same order as the amount of adenine adsorbed onto zeolites. The XAFS spectrum showed that Fe 3+ could be substituted into the framework of the Fe 7 -ZSM-5 zeolite.
of Si by trivalent cations such as B +3 , Al +3 and Fe +3 create more Bronsted acid sites in the zeolite [31] . Because iron is the fourth most abundant element in the crust of Earth, it should be expected to be incorporated in the framework of natural zeolites [32] [33] [34] .
Nucleic acid bases were probably synthesized on the prebiotic Earth and were also delivered by exogenous sources such as meteorites, comets, or interplanetary dust particles. Adenine (Figure 1 ), which is used in this work, was found in meteorites and formed under conditions found on the prebiotic Earth [35] [36] [37] [38] .
In addition, there is evidence for the existence of liquid water on Earth 4.4 billion years ago [39] , the first permanent ocean was probably formed 3.9 billion year ago, after a decrease in heavy bombardment [40] . According to Knauth [41] the primitive oceans were 1.5 to 2 times more saline than today and Na + and Cl − were not the major ions. Using the work of Izawa et al. [42] , Zaia [30] suggested an artificial seawater in which the major ions are Mg 2+ , Ca 2+ and SO 4 2- . This seawater, probably, resembles more closely (than modern-day seawater) the real composition of seawater of the prebiotic Earth and is hereafter, in this work, referred to as Seawater 4.0 Ga. As suggested by Zaia [30] , studies of adsorption of biomolecules onto minerals, as well as prebiotic chemical reactions, should be performed in artificial seawater solutions that resemble the ancient oceans rather than in solutions of ultrapure water or NaCl. Using a seawater that more closely resembles the oceans of the prebiotic Earth in terms of its major cations and anions is of paramount importance for experiments in prebiotic chemistry because interactions between the cations and anions from the seawater and the organic molecules and M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 5 minerals can alter the adsorption process [3, 20, 29, 30] . Seawater 4.0 Ga better resembles the chemical composition of primitive oceans, meaning that the results obtained will be more reliable than those of experiments performed in ultrapure water or saline solutions.
Because both adenine and zeolites, including Fe-zeolites, were present in the prebiotic Earth, the interaction among them is an important issue for understanding prebiotic chemistry. In the present work the adsorption of adenine ( Figure 1 ) onto Fe ext -ZSM-5 (material with Fe 3+ exchangeable) and Fe-ZSM-5 zeolites was studied at pH 4.0 both in ultrapure water and in a seawater solution with a chemical composition that resembles the major cations and anions of the seawater of 4.0 billion years ago (4.0 Ga). FTIR spectroscopy, thermal analysis, scanning electron microscopy (SEM), electronic paramagnetic resonance (EPR), X-ray diffraction, and Fe K-edge XAFS methods were used to study the interactions between adenine and zeolites.
MATERIALS AND METHODS

Materials
Adenine and ZSM-5 zeolite
Adenine (Figure 1 ) was purchased from Sigma Aldrich and was used as received. Commercial ZSM-5 zeolite with Si/Al = 25 was supplied by Zeolyst International.
Synthesis of Fe ext -ZSM-5 and Fe-ZSM-5 zeolites
Fe ext -ZSM-5 was prepared by wet ion exchange (WIE) according to the procedure reported by Melián-Cabrera et al. [43] on the as received ZSM-5 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 6 sample by stirring 1.446 g of the parent zeolite in a 2.0 wt % Fe 3+ solution at initial pH 2.5, at room temperature for 2 h.
Fe-zeolites (Fe 3 -ZSM-5, Fe 4 -ZSM-5, Fe 5 -ZSM-5, Fe 6 -ZSM-5, and Fe 7 -ZSM-5) were prepared using a methodology adapted from Tuan et al. [31] for isomorphously substituted ZSM-5-based membranes. The gel was prepared from a mixture of silica sol (Ludox AS40) as silicon source and tetrapropylammonium hydroxide (TPAOH) as a structure-directing agent, for later addition of iron nitrate (Fe(NO 3 ) 3 ). The composition of the gel was 1.5 TPAOH 19.5 SiO 2 :0.195Fe 3+ :438 H 2 O with a Si/Fe ratio of 100 for all samples.
Volume gel, temperature, and agitation time for gel formation were varied ( Table 1 ). The gel was added in the autoclave for hydrothermal synthesis. The temperature of the autoclave was maintained at 185°C for all samples. As measured by energy dispersive X-ray (EDX), the Si/Fe ratios in the samples ranged from 4.6 to 18 (Tables 1, 2 ). The amount of each zeolite obtained is shown in Table 1 .
Seawater 4.0 Ga
The following substances were weighed and dissolved in 1.0 L of solution with ultrapure water: 1.909 x 10 -3 mol of sodium sulfate, 2.457 x 10 -3 mol of magnesium chloride hexahydrate, 1.701 x 10 -2 mol of calcium chloride dihydrate, 4.730 x 10 -4 mol of magnesium bromide, 2.296 x 10 -2 mol of potassium sulfate, and 0.1242 mol of magnesium sulfate [30] .
ultrapure water with or without 720 µg mL −1 of adenine. For standardization, the pH of the solutions was adjusted to 4.0 by adding 1.0 mol L -1 HCl and stirring for 24 h at room temperature before being centrifuged for 10 minutes at 6000 rpm.
The solid was separated from the supernatant, lyophilized, and analyzed using FTIR, thermal analyses (TG), scanning electron microscopy (SEM), X-ray diffractometry, electronic paramagnetic resonance (EPR) and XAFS. After it was lyophilized, the supernatant was used for nucleic acid measurements (see below) and analyzed by electronic paramagnetic resonance (EPR).
UV/VIS spectrophotometric method
Absorbance was determined using a Shimadzu UV-Vis spectrophotometer. Adenine was determined by reading the absorbance in the UV region using a wavelength of 260 nm. The following equation was used for the calculation of the amount of base adsorbed on the zeolite: C adsorbed (µg) = (C initial -C solution ), where C solution = [ (C initial ) (Abs sample /Abs initial )].
FTIR spectroscopy
The IR spectra were recorded with a Shimadzu 8300 FTIR spectrophotometer. KBr disc pellets were prepared and spectra were recorded in transmission mode from 400 cm −1 to 4000 cm −1 with a resolution of 4 cm −1 and 98 accumulations. FTIR spectra were analyzed using the Origin software (Origin Lab Corporation, version 8.0, 2007).
Electronic paramagnetic resonance (EPR) spectroscopy
The samples were analyzed by EPR at X-band (ca. 9.5 GHz) with a 20 G modulation amplitude and magnetic field modulation of 100 kHz using a JEOL
(JES-PE-3X) spectrometer at room temperature. 2,2-diphenyl-1-picrylhydrazyl (DPPH) was used as the g-marker and standard for line intensity, using its two spectral lines. The g-factor (g 2 ) of each line in the EPR spectra was calculated using the equation:
where g 1 is the value of the DPPH g-factor (g=2.004) and B 1 and B 2 are the magnetic field values of the central line of DPPH and sample, respectively.
X-Ray diffractometry
Zeolites were analyzed by powder X-ray diffraction using a Shimadzu D 6000 diffractometer using Co Kα radiation (40 kV, 30 mA) and an iron filter in a step-scanning mode (0.02°2 θ/0.6 s). All peak positions were analyzed using Grams software (Thermo Scientific, version 8.0).
Thermal Analyses (TG)
The TG curves of lyophilized samples were obtained with a Perkin-Elmer TGA 4000, with a scan from 50 °C to 900 °C, with a heating ratio of 10 °C/min, a nitrogen flow of 20 mL/min, and using 20 mg of sample.
Scanning Electron Microscopy (SEM)
The morphology of Fe-zeolite particles was observed using a HITACHI S2300 scanning electron microscope at 10 kV on gold sputtered samples.
BET isotherm
A Micromeritics Tristar 3000 was used to obtain the N 2 adsorption isotherm and calculate the Brunauer, Emmett, and Teller (BET) specific surface
area. The BET surface area was determined from a plot of P/v(P 0 -P) versus P/P A0 from equation:
where P 0 is the equilibrium pressure, P is the saturation pressure, v is the adsorbed gas volume, v m is the monolayer adsorbed gas volume, and C is a BET constant. The surface areas and pore sizes of all zeolites are summarized in table 1. Samples were degassed at 200 °C for 8 h under vacuum before measurement.
XAFS data collection
X-ray absorption spectra of the Fe K-edge were collected at the XAFS1 beamline of, LNLS -Brazilian Synchrotron Light Laboratory (under proposal XAFS1-16161). The energy was calibrated for each scan by the Fe Kedge of an iron foil. The samples were prepared as disc pellets and supported on slides with Kapton tap.
XAFS data processing
The XAFS fits were performed using k 1 , k 2 and k 3 weighting. The 
Statistical Analysis
The Tukey test was used to compare means at a significance level of p < 0.05. [45] and the pKa of adenine is 4.20, it is positively charged at pH < 4.20 due to the protonation of nitrogen 1 (Figure 1 ) [46] , the interaction between them could be electrostatic which explains the similar adsorption even though the adenine was dissolved in different seawaters.
RESULTS AND DISCUSSION
Adsorption
Electrostatic interactions were also cited as an explanation for the interaction between adenine and clay minerals at acidic pH [47] [48] [49] [50] [51] [52] . Studies of the adsorption of nitrogenous base onto TiO 2 show that this material has a higher adsorption capacity at pH < 5.00 for adenine and cytosine than other nitrogenous bases [53] . Adenine adsorption onto clays was also higher than that of uracil and thymine [54] . [48] when adenine was adsorbed onto montmorillonite in artificial seawater rather than in a buffer solution. For other zeolites the adsorption was similar in both solvents ( Table 2 , p > 0.05). This is a positive result, because if the adsorption did not occur all other roles played by minerals could be compromised. Thus, in prebiotic studies, is important to use a seawater whose chemical composition resembles that of the oceans of primitive Earth.
For Fe-ZSM-5 zeolites, the amount of adenine adsorbed is significantly lower than it is for Fe ext -ZSM-5 and this effect can be a result of the presence of iron in the structure of material. Because, in the synthesis of zeolites, iron replaces the silicon, in general, the increase of Si/Fe ratio decreases the amount of adenine adsorbed ( Table 2 , p < 0.05), since the material has a lower negative charge and the electrostatic interaction is diminished. However, the Fe 7 -ZSM-5 has the highest value of Si/Fe ratio, but this material showed the highest adsorption among Fe-ZSM-5 zeolites ( Table 2) . One explanation for this observation is that the Fe 7 -ZSM-5 zeolite has the largest pore volume, probably due to the generation of some mesoporosity, during the synthesis (in agreement with the SEM characterization shown below), enabling higher adsorption than other zeolites with iron isomorphically substituted ( Table 2 ). The pore volume is an important parameter that directly influences the adsorption. Adsorption experiments for amino acids on ZSM-5 and ZSM-11 showed a selective adsorption of leucine in the presence of phenylalanine because the lower pore volume of these materials favored the diffusion of smaller molecules like leucine
over phenylalanine [56] . Gonzalez-Olmos et al. [16] observed that the adsorption of MTBE (methyl tert-butyl ether) was higher in Fe-beta zeolite than on Fe-ZSM-5 zeolite because of the difference in pore volume for these materials. Because the Fe-beta zeolite has larger pore dimensions (6.5 Å x 5.6 Å and 7.5 Å x 5.7 Å) than Fe-ZSM-5 zeolite (5.1 Å x 5.5 Å and 5.4 Å x 5.6 Å) and the MTBE has a diameter of 6.2 Å, the molecule should be more easily able to enter the pores of the beta zeolite. In addition, as in case of Al-ZSM-5
zeolites, the higher Si/Fe ratio the lower the hydrophilicity (due to minor content in exchanging sites), favoring the adsorption of organic compounds over that of water. Other explanation for the higher adsorption observed in Fe 7 -ZSM-5 zeolite is the smaller particle aggregation observed for this material in SEM images ( Figure 3 ). Small particles provide higher contact surface for the adsorption of adenine onto Fe 7 -ZSM-5 zeolite. As shown in Figure 3 others Fe-ZSM-5 zeolites have higher aggregation levels and particle size. Gorshunova et al [57] suggested that the zeolite size affect the rate of diffusion of adsorbate molecules into material surface. The adsorption rate in mordenite with higher particle size is somewhat less than mordenite with lower particle size [57] .
The infrared spectrum of adenine (Figure 2 a 1 , b 1 ) in the region between 1550 cm -1 and 1750 cm -1 showed two bands at 1603 cm -1 and 1673 cm -1 , which can be attributed to C=C stretching and NH 2 in plane bending, respectively [26, 58, 59] . In the same region, Fe ext -ZSM-5 and Fe 7 -ZSM-5 showed a band at 1631cm -1 (Figure 2 the band at 1603 cm -1 was shifted to1626 cm -1 and the band at 1673 cm -1 was shifted to 1694 cm -1 . These data suggest that the site for the interaction of the adenine with the mineral is the C=C group from the six-membered ring of adenine and the NH 2 group. However, the band at 1626 cm -1 was in the same region as the bending of the O-H group of the hydration water from the zeolite.
The same behavior occurs in the Fe 7 -ZSM-5 zeolite after adsorption of adenine onto the zeolite (Figure 2 , b 2 , b 3 ). Another possibility is the formation of a complex between the cations Ca 2+ and Mg 2+ from the artificial seawaters, adsorbed onto zeolites and adenine [26] . The chelation occurs in the bidentate position through the NH 2 group and nitrogen of the imidazole ring [26] . This result shows that is important to have a seawater whose composition resembles the composition of the oceans of primitive Earth, because the salts affect the adsorption process. Protonated adenine has bands at 1573 cm -1 , 1609 cm -1 and 1699 cm -1 [26] . The pH 4.0 is lower than pKa 1 of the nuclei acid base [46] , and these bands are expected in the region 1550 cm -1 to 1750 cm -1 .However, the band at 1573 cm -1 was not observed in our spectra ( Figure 2 , a 2 , a 3, b 2 , b 3 ).
Probably, deprotonation occurred when the adenine was adsorbed onto zeolites.
The NH 2 group could be also involved in the interaction of adenine with clays, zeolites, and metals [25, 50, 52, 61, 62] . However, McNutt et al. [63] suggested that the interaction between adenine and Cu (110) occurred through the N atoms from the pyrimidine ring. It should be noted that zeolites and clays are very different from Cu.
Interaction between adenine and zeolites
The Fe ext -ZSM-5 and Fe-ZSM-5 zeolites were characterized using scanning electron microscopy (SEM), X-ray diffraction (XRD), electronic paramagnetic resonance (EPR), thermal analyses and XAFS. The images from the SEM showed that the commercial ZSM-5 particles were lower than 1 µm size (Figure 3 a) . The isomorphic substitution of aluminum by iron did not change the morphology of the material, but the ZSM-5 crystals were assembled in spheres (Figure 3 b-e). However, these materials showed larger particle sizes as can be observed in Figure 3 . Fe ext -ZSM-5 (material with exchangeable Fe 3+ ) showed similar particles sizes to ZSM-5 precursor shown in Figure 3 a.
However, Fe 7 -ZSM-5 zeolite (Figure 3 f) presents a different morphology with nanosized particles (~ 100 nm) responsible for the especial adsorption properties above mentioned.
X-ray diffractograms show that stirring zeolites with ultrapure water and seawater 4.0 Ga, with and without adenine, and at pH 4.0 did not cause apparent dissolution of the minerals (Figure 4 ). This is an important result for prebiotic chemistry because the interaction between them likely involved adsorption [30] . It should be noted that adsorption is the first step for all other processes (protection against degradation, formation of polymers) that minerals may be involved in. In treatments using seawater 4.0 Ga, the diffractograms show one basal plane at 13.5 degrees that could be the result of the precipitation of gypsum (CaSO 4 2H 2 O) onto the zeolites. These results are expected because seawater 4.0 Ga is rich in calcium and sulfate. Baú et al. [25] obtained similar results with synthetic zeolites mixed with artificial seawater.
Finally, XRD did not show the presence of other peaks different from those corresponding to MFI-type zeolite structure of Fe-ZSM-5. This suggest no
detectable by XRD Fe present in the form of oxides, salts or crystalline complex species. As shown below, complementary characterization tools were need to address this important point.
EPR spectroscopy provides valuable information about the different symmetries or distortions resulting from substitution of the iron in Fe-ZSM-5
zeolites. Fe 4 , Fe 6 and Fe 7 -ZSM-5 zeolites showed three lines-two in the region at g ≈ 2 and another at g ≈ 4.7 ( Figure 5 ). Fe 5 -ZSM-5 showed two lines-one at g ≈ 2 and another at g ≈ 4.7 and Fe ext -ZSM-5 showed one at g ≈ 2 ( Figure 5 ). Table 2 ). EPR spectra of samples of seawater 4.0 Ga mixed with zeolites showed a weak band at g ≈ 2, the spectrum of lyophilized seawater 4.0
Ga did not shown this band ( Figure 5 ). Thus, a small amount of Fe 3+ was withdrawn from the zeolites. Unlike X-ray diffraction methods, EPR is very sensitive: it can determine Fe 3+ at levels of parts per billion (ppb). This confirms that seawater 4.0 Ga did not compromise the roles played by these zeolites. Table 3 shows the values for each event for all zeolites tested without treatment and for lyophilized samples after the adsorption of adenine dissolved in seawater 4.0 Ga and ultrapure water. In the temperature range from 30 °C to 140 °C , with a maximum in the range 52 °C to 89 °C, all zeolites showed an event that it is characteristic of the loss of hydration water weakly bound to the zeolite [19, 60] . Zeolites mixed with seawater 4.0 Ga showed a higher loss of water than zeolites mixed with ultrapure water or without treatment ( [30] . Besides Mg 2+ and Ca 2+ from seawater 4.0 Ga, more water was adsorbed into the cavities and surface of zeolites. This did not prevent the adsorption of adenine (Table 2 ). Table 3 also shows a second event in the range from 140 °C to 360 °C, whose peaks ranged from 157 °C to 349 °C; some zeolites showed two peaks.
This event could be caused by water strongly bound to exchangeable cations such as iron species or cations from seawater 4.0 Ga as well as from water located in the cavities of zeolites [19, 20, 60, 64] . The peaks of the second event showed two ranges of temperatures: one from 157 °C to 268 °C and other from 322 °C to 349 °C (Table 3 ). These ranges could be an indication that water is bound to different cations showing different dehydration enthalpies, probably Ca/Mg/Fe [60, 64, 66] . Mass loss for this event was much lower than that observed for the first event (Table 3) . Other authors also observed a decrease in mass loss for the second event [60, 64] . The second event was not observed for two zeolites mixed with ultrapure water (Fe 7 -ZSM-5, Fe 7 -Adn-ZSM-5) and three with seawater 4.0 Ga (Fe 7 -Adn-ZSM-5, Fe ext -ZSM-5, Fe ext -Adn-ZSM-5) ( Table 3 ). Fe 7 -Adn-ZSM-5 (ultrapure water, seawater 4.0 Ga) and Fe ext -Adn-ZSM-5 adsorbed a high amount of adenine (Table 2) . Thus, adenine could displace the water from the cations or the pores of zeolites and, consequently, the event was not observed.
All zeolites on which adenine was adsorbed showed an event between 360 °C and 600 °C (Figure 1 SM, Table 3 ). This event could be associated with thermal degradation of adenine that occurs in the temperature range from 247
°C to 438 ºC [67] . It should be noted that the mass loss (Table 3) follows almost the same order as the amount of adenine adsorbed onto zeolites ( Table 2 ). For M A N U S C R I P T
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zeolites without adenine adsorption, this event could be caused by the loss of more strongly associated water [19, 20, 60, 64] .
The samples of the zeolite Fe 7 -ZSM-5 with and without the treatments were subjected to XAFS analysis. Figure 6 shows the normalized XAFS spectra for the Fe 7 -ZSM-5 zeolite samples. The pre-edge peak at 7114 eV could be attributed to quadrupole transitions from the 1s to 3d orbitals [68] . This transition is forbidden for octahedral coordination, but allowed for tetrahedral and distorted octahedral coordination [69] . This could be more evidence that Fe 3+ was substituted into the framework of Fe 7 -ZSM-5 zeolite, as was also shown by EPR spectroscopy (Figure 5-d al. [70] , the shift of the pre-edge peak to higher energies was related to the decrease of symmetry and the coordination number of neighbors. The Fe 7 -ZSM-5-d sample has a decrease of the coordination (CN) ( Table 4 ) and the highest value of E 0 for all coordination shells. This behavior could be attributed to adsorption of adenine ( Table 2, for the Fe-Fe 2 shell, respectively [72, 74] .
The increase in the value of the E 0 of all shells, according to each treatment (Table 4 ), could be interpreted as an increase in the complexity of the system caused by the addition of the seawater and adenine and it could be concluded that the hematite reference is not enough to explain those systems (Fe 7 -ZSM-5-d and e).
CONCLUSION
Adenine showed the highest adsorption onto Fe ext -ZSM-5 (Fe +3 exchangeable), followed by Fe 7 -ZSM-5. The adsorption of adenine was lower in Fe-ZSM-5 zeolites with iron isomorphically substituted. For Fe 7 -ZSM-5 the adsorption was statistically different in ultrapure water and seawater 4.0 Ga.
The pore size of zeolites had an effect on the adsorption of adenine.
FTIR spectra showed that the locus for interaction between the adenine and zeolite occurs at the adenine C=C and NH 2 groups.
The SEM images shows that Fe-ZSM-5 zeolite has spherical particles and the X-Ray diffractograms show that adenine had no effect on the dissolution of material. In treatments with seawater 4.0 Ga, the diffractograms showed precipitation of gypsum (CaSO 4 2H 2 O) onto zeolites.
EPR spectra of Fe 4 -, Fe 6 -, and Fe 7 -ZSM-5 zeolites showed three lines: two in the region at g ≈ 2 and another at g XAFS spectra of Fe 7 -ZSM-5 zeolites showed a peak at 7114 eV, a transition that is allowed for tetrahedral or distorted octahedral coordination.
This could be evidence that Fe 3+ was substituted into the framework of 
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